This study was intended to discover whether forcing largemouth bass (Micropterus salmoides) to swim at 0.5 body lengths/second following exercise would expedite recovery relative to fish recovered in static water. Exercise resulted in a suite of physiological disturbances for largemouth bass that included a depletion of anaerobic energy stores, an accumulation of lactate, and increased cardiac output. At 1 h following exercise, exhaustively exercised largemouth bass forced to swim exhibited expedited recovery relative to fish in static water, evidenced by lower concentrations of lactate in white muscle, elevated concentrations of phosphocreatine in white muscle, and reduced concentrations of glucose in plasma. By 4 h postexercise, largemouth bass forced to swim during recovery exhibited signs of physiological disturbance that were absent in fish recovered in static water. These signs of disturbance included a loss of osmotically active particles from plasma, elevated lactate in plasma, reductions of phospocreatine in white muscle, and increased cardiac output. These results are discussed in relation to the body of work with salmonid fishes showing physiological benefits to recovering fish in flowing water.
Introduction
Exhaustive exercise is a common occurrence for wild fish and is important for activities such as migration, food acquisition, and predator avoidance. Exhaustive exercise is primarily driven by white muscle and results in the anaerobic consumption of energy stores such as phosphocreatine (PCr) and adenosine triphosphate (ATP), the production of lactate, and numerous other ionic, osmotic, and cardiac disturbances and typically can only be maintained for short periods of time (Wood 1991; Wang et al. 1994; Kieffer 2000) . In contrast, sustained (i.e., low velocity) exercise is characterized by aerobic respiration and little physiological disturbance and is generally fueled by glucose oxidation in red muscle (Randall 1982; Wood 1991; West et al. 1993) . Recovery from exhaustive exercise and the return of physiological parameters to a normal resting state is a lengthy process for fish, often taking in excess of 12 h to complete (Wood 1991; Wang et al. 1994; Milligan 1996) . The duration of recovery is important because it may dictate the next time that high-intensity anaerobic swimming activity can occur.
Recent work has suggested that forcing exhausted fish to swim at low velocities (i.e., using anaerobic respiration) may reduce the time required to recover from exhaustive exercise (Meyer and Cook 1996; Milligan et al. 2000; Farrell et al. 2001a ). Milligan et al. (2000) , for example, demonstrated that slow swimming expedited the recovery of certain physiological parameters in rainbow trout (Oncorhynchus mykiss, Walbaum) relative to fish recovered in static water. Similarly, Farrell et al. (2001b) used net pens adjacent to commercial fishing vessels that forced exhausted coho salmon (Oncorhynchus kisutch, Walbaum) to swim during recovery and showed decreased recovery times relative to still water. Although the exact mechanism responsible for this enhanced recovery is not known, it is hypothesized that swimming prevents production of the stress hormone cortisol, and the presence of cortisol may impede recovery (Milligan 2003) . This practice, however, has not yet been tested on nonsalmonid fishes.
Largemouth bass (Micropterus salmoides, Lacepède) are top predators in many aquatic ecosystems and feed by ambushing prey. Overall, these fish are generally considered to be quiescent relative to salmonids and are not regarded for their highintensity activity or endurance. In fact, estimates of largemouth bass swimming speeds are roughly half those of salmonids (e.g., Beamish 1978; Cooke et al. 2001) , emphasizing the differences in lifestyles between the two groups of fishes. From an applied perspective, largemouth bass are the most popular target for recreational anglers during competitive angling events (Kerr and Kamke 2003) . Studies have shown that the primary source of physiological disturbance for largemouth bass angled (Gustaveson et al. 1991 ) and caught during live-release angling tournaments is anaerobic respiration-similar to disturbances that result from exhaustive burst-type exercise (Wood 1991; Suski et al. 2003 Suski et al. , 2004 . Following angling or live-release tournaments, fish are returned to the wild, and it is assumed that they behave normally despite the anaerobic disturbances experienced as part of the angling tournament. Thus, live-release angling tournaments may be an ideal setting for examining whether low-velocity swimming can enhance recovery from exercise in largemouth bass. If slow swimming can facilitate recovery from angling tournaments, less time will be required before largemouth bass can undertake anaerobic swimming associated with prey capture and predator avoidance.
With this background, the objective of this study was to test the hypothesis that low-velocity swimming would enhance the recovery of largemouth bass following exercise relative to fish recovered in static water. On the basis of our knowledge of largemouth bass ecology and in particular their sedentary lifestyle, which contrasts with salmonid fishes, we predict that lowspeed swimming will provide less benefit for largemouth bass, as compared with the benefits observed in more active salmonids (e.g., Milligan et al. 2000; Farrell et al. 2001a ).
Material and Methods
Experiments were performed between April 8 and April 16, 2002, at the Sam Parr Biological Research Station near Kinmundy, Illinois. We collected largemouth bass from outdoor earthen ponds (either by angling, electroshocking, or pond draining) and moved them to an indoor laboratory with recirculated, biofiltered water. Fish were allowed at least 48 h to acclimate to the laboratory before experimentation; water temperatures during all experiments were 20ЊC (‫5.1ע‬ЊC SEM), and fish were not fed while in the laboratory. Previous work has shown that after 24 h of recovery time, fish have fully recovered from the physiological disturbances (i.e., depletion of energy stores and accumulation of lactate) that arise from angling and exercise (Wood 1991; Wang et al. 1994; Milligan 1996; Kieffer 2000; Suski et al. 2006) .
For this study, largemouth bass were sampled as part of two series of experiments. In the first series, we terminally sampled largemouth bass for blood and muscle samples so we could compare the recovery from exercise in static water or in water flowing at 0.5 body lengths per second (BL/s). In the second series, we performed real-time monitoring of cardiac variables in largemouth bass recovering from exercise in either static water or water flowing at 0.5 BL/s. In previous studies (i.e., Milligan et al. 2000) , higher swimming speeds (0.9 BL/s) have been used for the recovery of salmonid fishes, reflecting their swimming performance capabilities; we chose 0.5 BL/s for our study because previous work has shown that estimates of largemouth bass swimming speeds are roughly half those of salmonids (e.g., Beamish 1978; Cooke et al. 2001) .
Series 1: Blood and Muscle Sampling
To obtain control (undisturbed) blood and muscle samples, we netted fish from a common holding tank in the laboratory and transferred them to individual black Perspex chambers continuously supplied with aerated water. Care was taken to ensure that the supply of water to the chambers was low enough that fish were not forced to swim against a current when confined. Following 24 h in the darkened chambers, we terminated the flow of water and added buffered anesthetic (250 mg/L 3-aminobenzoic acid ethyl ester methanesulfonate [MS222] and 500 mg NaCO 3 /L) through a hole in the lid. Once fish had lost equilibrium and ceased ventilation (approximately 1 min), we collected blood and muscle samples (Suski et al. 2004) .
For sampling, blood was obtained by caudal vessel puncture using an 18-gauge needle and syringe heparinized with sodium heparine, transferred to a 1.5-mL microcentrifuge tube, and immediately centrifuged for 1 min (Summerfelt and Smith 1990) . We then drew the plasma (supernatant) from the corpuscular portion of the blood using a pipette. We stored both plasma and erythocytes in liquid nitrogen until we returned to the laboratory, at which time samples were stored at Ϫ80ЊC (Suski et al. 2003) . For muscle sampling, we removed a portion of white muscle (ranging in size from about 5 to 10 g) from the epaxial musculature behind the operculum and above the lateral line. Muscle samples were immediately freeze-clamped in aluminum tongs precooled in liquid nitrogen, wrapped in aluminum foil, and then transferred to a dewar containing liquid nitrogen until samples were returned to the laboratory. The time between the collection of samples and processing was less than 6 mo (Suski et al. 2003) .
To exercise largemouth bass, we netted fish from a common holding tank, transferred them to a circular tank, and chased them by tail grabbing for 5 min. Following 5 min of exercise, fish were randomly assigned to one of two groups. One group was immediately transferred to anesthetic and sampled for blood and muscle as described above (exercise treatment). The second group of fish was recovered in either static or flowing water. Largemouth bass that were recovered in static water were placed in black Perspex chambers immediately after exercise. As with control fish, the boxes were supplied with aerated water, and care was taken to ensure that the supply of water to the boxes was low enough to prevent any swimming by the fish. After either 1, 2, or 4 h of recovery in static water, anesthetic was added to the boxes, and fish were sampled for blood and muscle (Milligan et al. 2000; Farrell et al. 2001a) .
To sample largemouth bass recovered in flowing water, we constructed modified recovery chambers that were also opaque. The modified chambers were virtually identical in dimensions to the static recovery chambers ( cm) but 10 cm # 13 cm # 50 had wire mesh on the front and back of the chamber (near the head and caudal fin of the fish) to permit a current of water to flow though each chamber. The relative sizes of the chambers and fish in our experiment were such that fish had sufficient room to swim without contacting the side of the chambers. We placed these modified chambers in a fiberglass raceway filled with water at a height in which the lower 90% of the chamber was under water and the top 10% was left above water. A pump connected to a section of plastic pipe was used to create a laminar flow of water aimed into each chamber. Before the addition of all fish, we used a flowmeter to quantify the flow in each chamber and to ensure that each fish was recovered in water that was indeed flowing at 0.5 BL/s. Following 1, 2, or 4 h of recovery in flowing water, we placed a sheet of clear acrylic over the front and back of each chamber to seal it from the surrounding water in the raceway, added buffered anesthetic to each chamber though the lid, and sampled fish for blood and muscle. The mean size of control fish was mm 251 ‫ע‬ 8 (‫ע‬SE) and g, and the mean size of fish from the 185 ‫ע‬ 30 exercise treatment was mm and g. The 270 ‫ע‬ 21 252 ‫ע‬ 68 mean size of fish from the swimming recovery group was mm and g, while the mean size of fish from 257 ‫ע‬ 8 2 1 ‫ע7‬ 33 the static recovery group was mm and g. 264 ‫ע‬ 10 227 ‫ע‬ 26
Series 2: Cardiac Monitoring
For the cardiac monitoring series of experiments, we continuously recorded cardiac data from largemouth bass during the entire exercise and recovery periods. For this, we first surgically fitted fish with a silicone cuff-type Doppler flow probe as described in Cooke et al. (2003) and then left them to recover for 24 h. As with the blood and muscle sampling protocol, resting control values were obtained by placing fish in an individual black plastic chamber continuously supplied with aerated water. Control fish were left to acclimate in individual containers for 24 h, and we then collected resting cardiac output data from each fish for a 5-min period. Next, we exercised these fish for 5 min by tail grabbing in a circular tank and then randomly assigned them to either a static recovery group or a swimming recovery group. Static recovery of exercised fish occurred in individual plastic chambers, and recovery in flowing water occurred in the modified flow-though chambers. We collected 5 min of cardiac output data from each fish immediately following exercise, and at 1, 2, and 4 h of recovery time. The mean size of fish in the static recovery group was mm 248 ‫ע‬ 9 and g, while the mean size of fish in the swimming 164 ‫ע‬ 23 recovery group was mm and g. 233 ‫ע‬ 8 1 3 ‫ע7‬ 14
Analyses
Analyses for plasma and white muscle variables are described in detail in Suski et al. (2003) . We quantified plasma cortisol using a commercially available radioimmunoassay kit (Coat-aCount, Diagnostic Products Corporation, Los Angeles, CA), plasma chloride concentrations using a chloride titrator (Radiometer, model CMT 10), and plasma osmolarity with a freezing-point depression osmometer (Advanced Instruments, model 3M0). We followed the methods of Lowry and Passonneau (1972) to determine plasma lactate concentrations. Muscle samples were prepared according to the methods of Suski et al. (2004) , and quantification of muscle lactate, PCr, and ATP concentrations followed the enzymatic methods of Lowry and Passonneau (1972) . Water content was determined by placing samples of frozen muscle, each weighing between 100 and 800 mg, in a tared 1.5-mL microcentrifuge tube. The initial weight of the sample was recorded, and the tube was then transferred to an 80ЊC oven for several days. Samples were monitored until a constant weight was obtained and percent water content was calculated.
Following experimentation, we killed all fish outfitted with Doppler flow cuffs using an overdose of anesthetic (180 ppm clove oil), and a postmortem calibration was conducted to convert Doppler shift (in V) to actual blood flow (mL/min; see Cooke et al. 2003 for details) . Cow blood perfused though the aorta was used to calibrate the probes over the range of flow rates observed during experiments, and we analyzed reference flow rates with linear least squares regression. All experiments were conducted in accordance with the guidelines of the Canadian Council on Animal Care (Queen's University approval number Tufts-1999-088-R2).
Statistical Methods
Comparisons of blood and muscle variables within each recovery group were made using a one-way ANOVA followed by a Dunnett's test to compare each sampling time to the control group (Zar 1999) . Comparisons at a particular sampling time for blood and muscle variables were made between the two recovery groups using a t-test (Zar 1999) . For the cardiac variables, comparisons both within and among the two treatment groups were made using a two-way repeated-measures ANOVA (main effects: time and recovery group) followed by a TukeyKramer HSD test to detect differences between and within treatments (Sokal and Rohlf 1995) . Statistical tests were performed using JMPIN Version 4.0 (SAS Institute, Cary, NC), all values are shown as , and the level of significance (a) for means ‫ע‬ SE all tests was 0.05.
Results
Five minutes of exhaustive exercise did not result in a significant change in the concentration of cortisol in the plasma of largemouth bass. By 1 h following exercise, the plasma cortisol concentration of fish recovered in static water had increased almost sixfold relative to resting control individuals (Fig. 1A) . for all other treatment groups. A plus N p 6 sign denotes a significant difference between a sampling time and the control group (ANOVA, Dunnett's test, ), and an asterisk de-P ! 0.05 notes a significant difference between treatment groups at a sampling time (t-test, ). P ! 0.05 Figure 2 . Plasma chloride and osmolarity. Changes in plasma chloride concentration (A) and plasma osmolarity (B) for largemouth bass exercised and then recovered in either static water (solid bars) or water flowing at 0.5 BL/s (shaded bars). Sample sizes are for the N p 9 control group and for all other treatment groups. A plus sign N p 6 denotes a significant difference between a sampling time and the control group (ANOVA, Dunnett's test, ), and an asterisk denotes P ! 0.05 a significant difference between treatment groups at a sampling time (t-test, ) .
By 2 h after exercise, however, the plasma cortisol concentration of fish recovering in static water had returned to control values (Fig. 1A) and remained at that level for the remainder of the study. In contrast, the plasma cortisol concentrations of largemouth bass recovered in flowing water was not significantly different than resting control fish 1 h after exercise (Fig. 1A) . The plasma cortisol concentrations of the swimming fish, however, continued to climb during recovery and were approximately six times greater than control values by 4 h following exercise (Fig. 1A) . One hour after exercise, the plasma glucose concentration of largemouth bass recovered in static water had more than doubled relative to control fish but returned to control values after 2 h (Fig. 1B) . The plasma glucose concentration of fish recovered at 0.5 BL/s did not differ relative to the control group until 4 h after exercise, at which time concentrations were almost three times greater than control fish and were 113% greater than fish recovered in static water (Fig.  1B) .
The plasma chloride concentration of largemouth bass did not differ from resting control values either after exercise or following 4 h of recovery in either flowing or static water ( Fig.  2A) . Plasma osmolarity of largemouth bass during this experiment did not show any significant change relative to control fish either following exercise or during recovery in static water (Fig. 2B) . Largemouth bass that were recovered in flowing water, however, showed plasma osmolarity values that were significantly lower than fish recovered in static water 1 h after exercise, 2 h after exercise, and 4 h after exercise. By 4 h after exercise, the plasma osmolarity of largemouth bass recovered at 0.5 BL/s was significantly lower than control values and those for fish recovered in static water (Fig. 2B) .
Five minutes of exercise caused muscle PCr concentrations to fall by almost 90% (Table 1) . In largemouth bass recovered in flowing water, muscle PCr concentrations returned to resting control values by 1 h after exercise (Table 1) . In fish recovered in static water, however, muscle PCr values were significantly below control values 1 h after exercise but had returned to normal by 2 h postexercise (Table 1) . By 4 h after exercise, the muscle PCr of fish recovered in static water had fallen below resting values (Table 1) . Muscle ATP concentrations fell by twothirds relative to control fish following 5 min of exercise (Table  1) . For both swim recovery fish and static-water recovery fish, muscle ATP concentrations returned to control values by 1 h after exercise, and there were no significant differences between the ATP concentrations of fish recovered in static water and fish recovered in flowing water at the two other sampling periods (Table 1) . Throughout the experiment, muscle water content did not differ significantly from resting control values for either of the recovery treatments (Table 1) .
Exercise resulted in a sixfold increase in plasma lactate relative to control largemouth bass, and plasma lactate concentrations remained significantly elevated relative to control individuals until 4 h postexercise for all recovery treatments (Fig.  3A) . Largemouth bass that swam at 0.5 BL/s during recovery, however, exhibited plasma lactate concentrations approximately one-third lower than the static recovery group at 1 h postexercise (Fig. 3A) and 57% lower than the static recovery group at 2 h postexercise (Fig. 3A) . Following 4 h of recovery, however, the plasma lactate concentration of fish recovered in flowing water was significantly greater than fish recovered in static water (Fig. 3A) . Muscle lactate concentrations increased 13 times relative to control largemouth bass following 5 min of exercise (Fig. 3B) . By 1 h after exercise, muscle lactate concentrations had returned to control levels in both largemouth bass recovered in flowing water and in largemouth bass recovered in static water. At 1 h postexercise, however, the muscle lactate concentration of largemouth bass recovered at a swimming speed of 0.5 BL/s was 85% lower than fish recovered in static water at that sampling time (Fig. 3B) .
Cardiac Variables
Five minutes of exercise resulted in a 63% increase in cardiac output for largemouth bass (Fig. 4A) , a change primarily driven by an increase in heart rate ( Fig. 4B) as stroke volume decreased by approximately 80% (Fig. 4C) . By 2 h following exercise, the stroke volume of fish recovered in static water had returned to control values (Fig. 4C) , and the heart rate of fish recovered in static water was significantly lower than swimming fish (Fig.  4B) . By 4 h following exercise, all cardiac parameters for fish recovering in static water had returned to control values (Fig.  4) . Fish recovered in flowing water exhibited significant elevations in cardiac output (Fig. 4A ), significant increases in heart rate ( Fig. 4B) , and significant reductions in stroke volume (Fig.  4C ) relative to control values and to fish recovered in static water.
Discussion
Manual chasing of largemouth bass to exhaustion resulted in a suite of physiological changes. Specifically, exercise caused significant depletions of white muscle energy stores and significant productions of lactate in white muscle. In addition, exercise caused an increase in cardiac output and heart rate and a decline in stroke volume. Despite these physiological changes, no fish mortality occurred during this study. Previous results of this nature and magnitude have been described for largemouth bass (Gustaveson et al. 1991; Cooke et al. 2003; Suski et al. 2006) as well as salmonid fishes (Jones and Randall 1978; Randall 1982; Wood 1991; Wang et al. 1994; Milligan 1996 ) that were exercised. During exhaustive exercise, the energy requirements of fish cannot be met aerobically, and they for all other treatment groups. A plus N p 6 sign denotes a significant difference between a sampling time and the control group (ANOVA, Dunnett's test, ), and an asterisk de-P ! 0.05 notes a significant difference between treatment groups at a sampling time (t-test, ). P ! 0.05 Figure 4 . Cardiac activity. Changes in cardiac output (A), heart rate (B), and stroke volume (C) for largemouth bass exercised and then recovered in either static water (solid bars) or water flowing at 0.5 BL/s (unfilled bars). Sample sizes are for both treatment groups. N p 8 A plus sign denotes a significant difference between a sampling time and the control group (repeated-measures two-way ANOVA, TukeyKramer HSD test, ), and an asterisk denotes a significant dif-P ! 0.05 ference between treatment groups at a sampling time (repeatedmeasures two-way ANOVA, Tukey-Kramer HSD test, ). P ! 0.05 are forced to meet their energetic demands though anaerobic respiration (Hochachka 1991) . As a result of this anaerobic metabolism, energy stores in white muscle are consumed, lactate is produced, and cardiac output is increased (Wood 1991) . The 5-min exercise regime used in this study clearly resulted in exhaustion for largemouth bass and physiological disturbances consistent with previous work.
In this study, largemouth bass forced to swim following a bout of exercise showed expedited recovery relative to fish recovered in static water 1 h following exercise. Specifically, swimming largemouth bass showed reduced concentrations of lactate in white muscle and plasma relative to fish from static water at 1 h postexercise. Concentrations of plasma glucose, plasma cortisol, and muscle PCr were also significantly different from controls in the static treatment fish at 1 h postexercise, whereas these parameters were not significantly different from control values in swimming fish 1 h after exercise. Following exercise, fish begin the process of recovery and attempt to correct the physiological disturbances induced by burst exercise. As such, energy stores within white muscle are replenished, lactate accumulations are cleared, and osmotic imbalances are corrected (Wood 1991; Milligan 1996) . Research using rainbow trout has shown this process to be fueled largely by lipid metabolism (Richards et al. 2002) , requiring an aerobic environment (Moyes et al. 1992; Richards et al. 2002) and taking up to 8-12 h to complete (Milligan 1996; Richards et al. 2002) . Recent work involving two salmonid species (rainbow trout and coho salmon) has shown that forcing fish to swim at slow speeds (0.5-1.5 BL/s) rather than leaving them in static water will reduce the time required for recovery from exercise (Milligan et al. 2000; Farrell et al. 2001a ). The exact mechanism responsible for this expedited recovery is not known but is believed to be associated with reduced cortisol levels in swimming fish (Milligan 2003) . Results from our study indicated that, similar to rainbow trout and coho salmon, largemouth bass show expedited recovery 1 h postexercise when forced to swim at slow velocities. Similar to studies with salmonid fishes, this expedited recovery in largemouth bass may be linked to reduced concentrations of circulating cortisol; concentrations of plasma cortisol had returned to control levels in swimming largemouth bass at 1 h postexercise but were significantly higher than control levels in fish from the static treatment at 1 h postexercise. Studies involving rainbow trout, however, have shown an absence of a postexercise cortisol spike in swimming fish (Milligan et al. 2000) , which was not the case for largemouth bass.
While recovering largemouth bass in flowing water showed benefits at 1 h postexercise, by 4 h after exercise, recovery in flowing water resulted in additional physiological disturbances-contrary to previous work with salmonid fishes (Milligan et al. 2000; Farrell et al. 2001a ). Specifically, largemouth bass swimming at 0.5 BL/s showed concentrations of plasma glucose and plasma lactate that were significantly elevated relative to nonswimming fish. In addition, largemouth bass from the swimming treatment showed increased cardiac output, elevated heart rate, and reduced stroke volume compared with nonswimming fish 4 h postexercise. Both exercise and stress have been shown to increase the cardiac output of fish and raise plasma glucose concentrations to fuel aerobic tissues such as red muscle and heart (Randall 1982; West et al. 1993 West et al. , 1994a West et al. , 1994b Wendelaar Bonga 1997) . Swimming of largemouth bass at 0.5 BL/s, therefore, resulted in an increased energetic demand that resulted in elevated cardiac output and glucose concentrations as energy and oxygen needed to be delivered to muscle to sustain swimming. By 4 h following exercise, the plasma lactate concentrations of swimming fish were significantly greater than nonswimming fish, indicating that swimming fish were either using anaerobic metabolism to meet their energy demands (Jones and Randall 1978; Hochachka 1991) or had an impaired ability to clear lactate accumulations. Taken together, these results indicate that forcing largemouth bass to swim for 4 h causes significant metabolic disturbances.
In addition to metabolic disturbances, swimming largemouth bass showed ionic disturbances that were absent in fish recovered in static water. Both stress and exercise in fish result in secretions of catecholamines as part of the primary stress response designed to readjust biological activities and help fish cope with perceived stressors (Mazeaud et al. 1977; Wendelaar Bonga 1997) . Secretions of catecholamines work to stimulate branchial blood flow and improve oxygen uptake and delivery (Wendelaar Bonga 1997) . In addition, however, chronic stressors can alter both the structure and function of gills and result in a loss of ions from plasma (McDonald and Milligan 1992; Wendelaar Bonga 1997) . Therefore, a common symptom of freshwater fish subjected to chronic or prolonged stressors is a loss of ions from plasma (McDonald and Milligan 1992; Wendelaar Bonga 1997 ). In our study, swimming largemouth bass exhibited a significant reduction in plasma osmolarity (relative to both nonswimming fish and control fish) at 4 h postexercise, indicating a loss of ionically active plasma constituents (e.g., Na
. Because the water content of white mus-Ϫ HCO 3 cle in this study did not change during either exercise or recovery, this drop in the concentration of plasma constituents was likely a result of ion losses rather than fluid shifts to or from muscle often seen following exhaustive exercise (Wood 1991) . Ion losses from plasma have been previously noted in largemouth bass subjected to prolonged stressors such as hauling (Carmichael et al. 1984) , even though previous work has indicated that the gills of Micropterus species are relatively impermeable to ion loss relative to other freshwater fishes (McDonald et al. 1991) .
The failure of largemouth bass to respond favorably to swimming recovery, unlike the two salmonid species previously examined (Milligan et al. 2000; Farrell et al. 2001a) , can likely be explained by one of two different mechanisms. First, both rainbow trout and coho salmon are migratory, active fishes that spend a large portion of their lifetime swimming and foraging in the pelagic zone (Brett 1995; Hinch et al. 2006) . In contrast, largemouth bass are "sit-and-wait" ambush-type predators and do not routinely engage in long-distance swimming (Demers et al. 1996) . To emphasize these ecological differences among fishes in the field, we computed the daily and instantaneous swimming rates for species previously recovered in static and flowing water (i.e., coho salmon, rainbow trout, and largemouth bass) and for which comparable literature accounts using mobile telemetry tracking exist. Results showed that largemouth bass are much less active than salmonids with empirical swimming speeds estimated between 3.2 and 8.0 cm/s (Rice 1981; Savitz et al. 1983) , averaging approximately 5 cm/s (Rice and Cochran 1984) . Assuming an average size of 35 cm, this would produce speeds of 0.14 BL/s and daily travel of 4.3 km/ d. In contrast, adult salmon similar to those used by Farrell et al. (2001a) typically travel up to 40 km/d when in the ocean, or approximately 0.77 BL/s (e.g., Hinch et al. 2006 ; S. J. Cooke and A. P. Farrell, unpublished data) . Rainbow trout similar in size to those used by Milligan et al. (2000) and Meyer and Cook (1996) travel between 0.25 and 0.3 BL/s in lentic environments (e.g., Warner and Quinn 1995) and probably faster in lotic systems. The swimming speeds used in previous recovery studies have varied across species but were generally higher (i.e., 10.5 BL/s) for salmonids (Table 2 ) than for largemouth bass in this study. In addition, the recovery speed when expressed as a percentage of both U crit and U max was always higher (by as much as 3.5 times) for salmonids than for the largemouth bass in our study (Table 2) . Forcing largemouth bass to swim for Note. Critical swimming speeds (i.e., U crit ) for each species were chosen from the literature to best match the size, life stage, source, and water temperature of this recovery experiment (see footnotes for specific details). Maximum U crit (i.e., U max ) as defined by Farrell et al. (2001b) was set at , except for coho 1.36 # U crit salmon, where empirical data were available (Farrell et al. 2001b) . Recovery speeds used in experiments were reported in absolute relative speeds (BL/s) and are also presented as a percentage of U crit and as a percentage of U max .
a Data from Peake et al. (1997) . U crit for hatchery Atlantic salmon smolts at 12ЊC. b Data from Farrell et al. (2001b) . U crit for wild adult coho salmon at 12Њ-16ЊC. c Data from Jones (1971) . U crit for juvenile hatchery rainbow trout at 14.1ЊC. d Data from Cooke et al. (2001) . U crit for subadult pond raised largemouth bass at 18ЊC.
prolonged periods, even at the low absolute and proportional swimming speed in this study (20% of U crit and 16.7% of U max ), presented them with a challenge that prevented expedited recovery and induced physiological disturbances such as increased energy consumption, elevated cardiac output, and ion losses from plasma. Indeed, following an exhaustive exercise event, largemouth bass are generally sedentary (Cooke et al. 2000 relative to salmonids that continue to swim actively postexercise, albeit sometimes downstream (personal communications cited in Milligan et al. 2000; Mäkinen et al. 2000; Thorstad et al. 2003; Meka and McCormick 2005) . A second reason that may explain why largemouth bass did not benefit from swimming following exercise (as opposed to recent work with salmonid fishes) may be related to pedigree. Studies by Milligan and coworkers (Milligan et al. 2000; Milligan 2003) credited enhanced recovery in swimming rainbow trout to the absence of a cortisol response following exercise. The fish used by Milligan et al. (2000) , however, were hatcheryreared rainbow trout raised in tanks in captivity, possibly for generations. These fish were likely comfortable in a hatchery/ laboratory environment and consequently may have even exhibited a reduced cortisol response that was influenced by artificial selection (Pottinger and Carrick 1999) . In contrast, the largemouth bass in our study were wild individuals that exhibited elevated cortisol concentrations when brought into a foreign and artificial environment such as the laboratory. Previous studies involving wild largemouth bass have shown that cortisol concentrations of fish sampled in the laboratory are roughly 20 times greater than free-swimming fish (Suski et al. 2003 (Suski et al. , 2004 . Simply bringing wild largemouth bass into the laboratory, therefore, results in an increase in plasma cortisol concentrations that may prohibit the expedited recovery from exercise noted by Milligan et al. (2000) , and this cortisol response was further exacerbated by swimming during recovery. Either one or a combination of both of these mechanisms, therefore, may explain why largemouth bass exhibited elevated plasma cortisol concentrations following prolonged swimming that may have impaired recovery from exercise.
From an applied perspective, this study has important implications for fisheries management. Clearly, previous work with salmonids has shown a recovery benefit to forced swimming following anaerobic disturbances (Milligan et al. 2000; Farrell et al. 2001a Farrell et al. , 2001b . Results from this study with largemouth bass show that while 1 h of low-velocity swimming may expedite recovery from exercise, forcing largemouth bass to swim for 4 h at low velocity results in significant physiological disturbances and ion losses. This finding, disparate to previous work with salmonids, emphasizes the importance of examining the species-specific responses of fishes to various stressors before broadscale management recommendations (Cooke and Suski 2005) . For this reason, we do not recommend the use of low-velocity swimming to enhance recovery from exhaustive exercise for largemouth bass. However, additional work is needed that compares recovery performance under different flow conditions to determine whether an optimal recovery speed can be determined. Additional empirical work from the field that couples behavioral and physiological consequences of exhaustive exercise is also encouraged.
